Measurements of the sample length of PbZrO 3 and LaAlO 3 under slowly increasing force (3-30 mN/min) yield a superposition of a continuous decrease interrupted by discontinuous drops. This strain intermittency is induced by the jerky movement of ferroelastic domain walls through avalanches near the depinning threshold. At temperatures close to the domain freezing regime, the distributions of the calculated squared drop velocity maxima N( 2 m ) follow a power law behaviour with exponents ε = 1.6 ± 0.2. This is in good agreement with the energy exponent ε = 1.8 ± 0. Domain wall (DW) motion in ferroelastic materials subjected to external stress leads to a significant anelastic behavior and superelastic softening. 1,2 Superelastic softening was measured in many materials, e.g., in SrTiO 3 , 3 LaAlO 3 , 4, 5 PbZrO 3 , 6 Ca 1x Sr x TiO 3 , 7 and KMnF 3 8,9 . Most of these materials show rehardening at temperatures T f <T c , due to freezing of the DW motion at decreasing temperatures. The domain freezing process in ferroelastic materials is a topic of current research. 10 Pinning of DW's to defects like oxygen vacancies and/or dislocations seems to play an important role in this context. 7, 11, 12 For ferroelectric materials, domain freezing was already reported much earlier 13 and was explained by pinning of randomly distributed defects to DW's, which become increasingly collective at low temperatures, leading to a Vogel-Fulcher (VF) type divergence of DW relaxation times.
Large-scale molecular dynamics simulations 14, 15 of a simple two dimensional spring model with a sheared (ferroelastic) ground state show that domain wall movements under applied shear deformation indeed follow the Vogel-Fulcher behavior at a certain temperature-regime. They found that pinning/depinning processes also appear as a consequence of domain jamming even if no external defects are present. Based on the results of these simulations, Salje et al. 14 predicted the existence of two distinct regimes of DW movement: a low temperature athermal and a high temperature thermally activated regime. At higher temperatures, thermal activation leads to a Vogel-Fulcher (VF) distribution of avalanches. The slowing down of DW dynamics with decreasing temperature is reminiscent a Electronic mail: sabine.puchberger@univie.ac.at of the glassy behavior and has led to the concept of "domain glass." 16 Below the VF temperature, the DW's show jerky, athermal movements. Such an intermittent response of a system to slowly changing external conditions was found in many different contexts, e.g., for the motion of ferromagnetic DW's, [17] [18] [19] plastic deformation in metals, [20] [21] [22] [23] phase front or twin propagation at martensitic transitions, [24] [25] [26] [27] [28] [29] cracks in paper fracture, [30] [31] [32] and other crack propagation experiments, 33 as well as at slow compression of nanoporous silica [34] [35] [36] and wood. 37 In contrast to these systems, very few experimental data on the intermittent behaviour of ferroelastic domain walls exist. Most experiments on ferroelastic walls have focused on its ballistic character, showing a smooth wall propagation. In a recent experiment, Harrison et al. 41 demonstrated that jerky avalanches exist also at ferroelastic DW propagation. They measured the movement of a single needle domain in LaAlO 3 under weak external stress at the critical depinning threshold of domain walls and found discrete jumps of the needle tip of varying amplitude due to the pinning/depinning of walls to defects. They described the movement of a needle domain as a superposition of a smooth front propagation and a stop-and-go propagation of the needle tip. Tracking the movement of the needle tip x(t) yields the dissipated energy via the kinetic energy E ∼ 2 = (dx/dt) 2 . They found that the distribution of energies follows a power law P( 2 ) ∝ ( 2 ) −ε behavior with an energy exponent of
The jerky propagation of elastic walls in an external stress field shares some similarities with the behavior of magnetic walls subject to an external magnetic field. During domain switching, avalanches occur which represent the intrinsic noise of this process. In magnetic systems, this characteristic noise is termed Barkhausen noise. 17, 18 The more general term for this phenomenon is crackling noise. 42, 43 Harrison et al. 41 obtained similar exponents for the needle tip motion in LaAlO 3 as found previously in measurements of shape memory alloys (ε ≈ 2) 24, 44 and concluded that there is no systematic difference between the power law exponent in a single domain experiment and that of a multidomain system.
Based on this previous study, we decided to investigate the movement of many DW's in LaAlO 3 and PbZrO 3 . The most sensitive technique to study microstructural evolutions which produce crackling noise is acoustic emission (AE). Various systems have been investigated by AE including paper fraction, 30 porous materials, 35, 36 and martensitic transitions. 25 Despite numerous advantages, AE also has its drawbacks, especially for micron-scale samples and ferroic transformations. 16 In addition, ferroelastic twinning is hard to quantify. 45 The experimental technique employed in the present study involves the measurement of strain drops under slowly increasing external stress (≈0.05 -5 kPa/ s) with a Dynamical Mechanical Analyzer (Pyris Diamond DMA, Perkin Elmer). The energy distribution of jerks is obtained from the statistical characteristics of height drops ∆h(t). From the evolution of the sample height h(t), we calculate the squared temporal derivatives (t) 2 = (dh/dt) 2 and determine the distribution of squared maximal drop velocities N( 2 m ). Recently, this method was successfully applied to determine the power law exponent of the energy distribution of collapsing pores in the work of Vycor and Gelsil. 34 Using DMA one can apply a force up to 10 N with a resolution of 0.002 N, and the resolution in sample height is about 3 nm. The main advantage of this method is the possibility to measure even micronscale samples and perform measurements in a broad temperature range (T = −120 • C to +600 • C). However, the main disadvantage is the limited time resolution (1s), which is due to the restricted sampling rate of the apparatus. For this reason, we cannot study, e.g., distributions of avalanche durations with this method presently. Here we have chosen to study variables like maximum velocity or squared maximum velocities, which turned out to be not so sensitive 34 to the sampling rate.
For our present study, single crystals of lead zirconate and lanthanum aluminate were used. Both perovskite crystals exhibit a phase transition to an improper ferroelastic phase. In LaAlO 3 the structure changes from cubic Pm3m to rhombohedral R3c at T c = 823 K 5 . PbZrO 3 undergoes a phase transition 6 from a paraelectric Pm3m to an antiferroelectric orthorhombic Pbam phase at T c ≈ 503 K. Lead zirconate samples were cut to an approximate size of 1 × 0.8 × 0.8 mm 3 , mounted between steel rods with parallel faces and slowly compressed at constant force rates. For LaAlO 3 the samples were larger and, therefore, it was possible to cut longer pieces for three-pointbending geometry as well as samples for parallel-plate geometry. The long sample with dimensions of about 5 × 1.8 × 0.57 mm 3 was placed on two supports with a distance of 3.6 mm and the loading pin applied constant force rates (see the inset of Fig. 2) . The parallel plate sample had a size of 2.88 × 1.78 × 0.53 mm 3 .
First, we performed pre-measurements on these samples to check if the domain walls are movable upon application of a force in the desired direction. The same geometries and sample orientations were then used for subsequent investigations of the crackling behavior (parallel plate for PbZrO 3 and three-point-bending/parallel-plate for LaAlO 3 ). From previous studies, 4, 6 it is known that using a measurement frequency of 1 Hz, in both cases the domain walls are frozen (ω τ > 1) at sufficiently low temperatures, and their mobility starts above 293 K in PbZrO 3 and 373 K in LaAlO 3 . Figures 1  and 2 (green lines) show the discontinuous evolution of the sample heights of PbZrO 3 and LaAlO 3 at very low stress rates of 15 mN/min and 3 mN/min, respectively. Most probably, the height drops are manifestations of pinning/depinning events of domain walls to defects, which presumably are formed by oxygen vacancies. 4, 5 Measurements with stress rates higher than about 35 mN/min resulted in only a few jerks and as a result the squared drop velocities showed no well-defined power-law distribution.
The squared drop velocity (energy) peaks, Figs. 2 and 6, vary over several orders of magnitude and consist of about 13 200 (for LaAlO 3 ) and 3800 (for PbZrO 3 ), respectively, single discontinuous strain bursts. 4000 out of 13 200 (≈ 30%) and 400 out of 3800 (≈ 10%) peaks correspond to positive velocity jumps, i.e., backward movements of the domain walls. Middleton's theorem 38, 39 states that for purely elastic interactions the interface can only move forward in response to the driving force. Backward jumps in disordered media can occur for viscoelastic interfaces. 40 To account for the possibility of backward movements, we analyzed the data by including backjumps and without backjumps, yielding the same statistical results (Figs. 3 and 4) , in good agreement with Ref. 40 .
For calculation of the power law exponents, the peak data were logarithmically binned (bin size = 0.1) and plotted in a histogram. Figs. 3 and 4 show log-log plots of the distributions of squared drop velocity maxima, which are fitted according to N( 2 m ) ∝ ( 2 m ) −ε with ε = 1.6 ± 0.2. The same exponent value was obtained for parallel-plate measurements of LaAlO 3 . Furthermore, the exponent value for LaAlO 3 is not far from the results of Harrison and Salje, 41 who obtained an exponent of ε = 1.8 ± 0.2 for the jerky propagation of one needle. At the present stage, we cannot decide whether the small difference in exponents results from DW interactions or if it is just due to some limitations in experimental resolution. Further measurements on PbZrO 3 (Fig. 5) at various temperatures ranging from 295 K to 373 K all revealed a jerky evolution of the sample height with power laws in the corresponding squared drop velocity distributions with similar exponent values. At higher temperatures, yet still below the phase To learn more about the dynamics of the DW segments, we have also analyzed the waiting times t between successive events (Figs. 6(a) and 6(b)). One clearly observes an increase in the number of energy jerks from 373 K to 473 K, a behaviour which was also found in computer simulations. 14 It is also reflected in the corresponding power law exponents for the distribution of waiting times N(t ) ∝ t −β(T ) , which change from β ≈ 2 at 373 K to β ≈ 2.9 at 473 K implying that long waiting times are increasingly suppressed with increasing temperature. This change of β with T may be understood following the seminal work of V.M. Vinokur 49 who showed (for an elastic manifold driven through a random medium) that the distribution of waiting times t (l i ) = τ 0 e E(l i )/T for hops between metastable states scales as a power-law P(t w ) ∝ Tt
with β(T ) = 1 + const.T/U c . In summary, the present work corroborates the physical picture that domain wall motion in ferroelastic materials involves various processes depending on temperature, time, and spatial scale. As can be seen in Figs. 1 and 2 , the evolution of the sample height with slowly increasing stress follows a stretched-exponential relaxation envelope interrupted by discrete jumps of varying amplitude, in good agreement with the findings of Refs. 41 and 46. The discrete events are usually associated with pinning by extrinsic defects or intrinsically due to mutual jamming of domain walls. 14 The fact that the corresponding energies are power law distributed indicates a large underlying variety of sizes associated with the jerks. For LaAlO 3 the pinning-depinning process was shown 46 to be mainly effective at the front line of the needle tips (see, e.g., Fig. 2 in Ref. 46) , which is pinned most likely at statistically distributed oxygen vacancies. These rather smooth front lines can easily break into smaller segments of various lengths because they are not subject to elastic compatibility unlike the planar parts of the ferroelastic domain walls, whose Larkin length is very large. The behaviour of the front line is reminiscent of the movement of an elastic string in a random potential. [47] [48] [49] Le Blanc et al. 50 Using the mean-field approximation, they obtained µ = 2 and ε = 1.5. Our values ε = 1.6 ± 0.1 for PbZrO 3 and ε = 1.6 ± 0.2 for LaAlO 3 are quite compatible with these mean-field values. On the other hand, the value of ε = 1.8 ± 0.2 found recently from the movement of one needle 41, 52 and other values ε ≈ 2 from acoustic emission measurements of compressed Ti-Ni shape memory alloys 44 or Ni-Mn-Ga 27,53 (ε = 1.8 ± 0.2) indicate some possible deviations from mean-field values. Further studies have to be done to test whether these slight discrepancies are due to interactions between domain walls, nucleation of secondary domains or result from differences in the detection method, i.e., AE vs. strain intermittency measurements, 54 or due to some limitations of the detection methods. 33 Nevertheless, based on these present first results we conclude that ferroelastic needle shaped domains can act as a model system for the study of elastic strings in random environments. 
